Atomic Parity Violation (APV) is usually quantified in terms of the weak nuclear charge QW of a nucleus, which depends on the coupling strength between the atomic electrons and quarks. In this work, we review the importance of APV to probing new physics using effective field theory. Furthermore, using SU (2) invariance, we correlate our findings with those from neutrino-nucleus coherent scattering. Moreover, we investigate signs of parity violation in polarized electron scattering and show how precise measurements on the Weinberg angle, sin θW , will give rise to competitive bounds on light mediators over a wide range of masses and interactions strength. Lastly, apply our bounds to several models namely, Dark Z, Two Higgs Doublet Model-U (1)X and 3-3-1, considering both light and heavy mediator regimes.
I. INTRODUCTION
For decades it was assumed that the laws of nature preserved parity, but the seminal paper of Lee and Yang in 1956 gave rise to a different perspective [1] . This was indeed confirmed in 1957 in the realm of weak interactions, via the beta decay in Cobalt [2] and muon decay [3] . In 1959 the possibility of observing parity violation in atomic physics and electron scattering was contemplated [4] and further investigated in the late 70's [5] [6] [7] . Interestingly these ideas preceded the theory of electroweak interactions. The following decades were populated by experiments that aimed at probing parity violation [8] . For interesting reviews on APV see [9] [10] [11] [12] [13] [14] .
Our current understanding of parity and APV has greatly improved. Given the experimental precision acquired over the years, we may now test new physics models that feature parity violation interactions. The main objects of study in this regard are the Weak Charge of the Cesium (Cs) and polarized electron scattering.
Concerning the first observable, the weak charge of a nucleus, Q W , is an analogous of the electromagnetic charge, where the Z boson is the key player of the atomic electron and nucleus interactions instead. Q W is the sum of the weak charges of all constituents of the atomic nucleus, Q W = (2Z +N )Q W (u)+(Z +2N )Q W (d), where Q W (u, d) accounts for the Z interactions with up and down quarks and it depends on the Weinberg angle, sin 2 θ W . In order to understand how the Z boson can affect atomic transitions and Q W is extracted from experiments, one needs to perform precise atomic physics calculations and measure the left-right asymmetry A LR , which is naively estimated to be A LR * giorgio.arcadi@uniroma3.it; manfred.lindner@mpi-hd.mpg.de; jessica.martins@unesp.br; farinaldo.queiroz@iip.ufrn.br . Despite atoms with high atomic number be better suited for experimental observation of APV [15] because of the enhancement in A LR by orders of magnitude, such high atomic number makes the theoretical determination of A LR extremely challenging. For this reason, Cesium has become a popular target because it offers a good compromise between high atomic number necessary to have sizable effects and relatively simple atomic structure required to make precise atomic calculations. The Standard Model prediction for the weak charge of Cesium reads Q th W = −73.16 [16] , which is in agreement with current measurements using the stable isotope 133 55 Cs [17] . Therefore, one can constrain new physics contributions using the precise measurements of the Cs weak charge.
The other parity violation observable, polarized electron scattering, also constitutes an important laboratory to new physics searches. Again the left-right asymmetry is the key observable. For process of the type e L,R N → eX, the leftright asymmetry is A/Q 2 = a 1 + a 2 f (y), where a 1,2 account for the vector-axial coupling between the electron and quarks which depend on sin 2 θ W , y the fraction energy transfer from the electron to the hadrons, and Q the moment transfer. Thus, a measurement of A translates into a measurement of sin 2 θ W at a given momentum Q. It is well-known that photon exchange diagrams conserve parity but processes mediated by the Z do not, since the latter does not interact with left-handed and right-handed fermions in the same way. In a similar vein, eventual additional massive vector bosons from new physics models might also contribute to the leftright asymmetry. Therefore, if the measurement of A, in other words, sin 2 θ W , agrees with the Standard Model prediction one can use this information to constrain new physics effects that induce parity violation and hence contribute to the leftright asymmetry. We can parametrize the new physics contributions to A by a shift on sin 2 θ W and consequently constrain new physics effects [18] . Figure 1 . The gray curve reflects the scale dependence of the weak mixing angle. We also show the existing and upcoming measurements [19] .
The aforementioned observables depend on the interactions between electrons and quarks. Hence they lead to relevant bounds on the corresponding couplings. That has been the whole story up to now, but with the observation of neutrinonucleus coherent scattering new information came into light. Strictly speaking, neutrino-nucleus coherent scattering and parity violation probes are sensitive to different interactions, the former between electron and quarks, the latter between neutrinos and quarks. Nevertheless, using SU (2) invariance, one can potentially correlate the signal in neutrino-nucleus coherent scattering to the one appearing in parity violation observables. In other words, they are complementary to one another. We will carry out this complementarity study using effective field theory and later concentrate on vector mediators. We highlight that our work adds to the previous ones done in the literature because instead of focusing on one observable we explore the complementarity between neutrino-nucleus coherent scattering, APV and polarized electron scattering. Moreover, we apply our findings to existing models in the literature.
In Section 2, we will review the theoretical aspects of parity violation; in Section 3 we discuss APV; in Section 4 we address the complimentary aspects with neutrino-nucleus coherent scattering using effective field theory; in Section 5 we study polarized electron scattering in terms of light mediators and put into perspective with neutrino-nucleus coherent scattering. Lastly in Section 6 we discuss our bounds using concrete models proposed in the literature.
II. PARITY VIOLATION
We start reviewing how parity can be treated in terms of four-fermion interactions. The bilinear terms that respect Lorentz invariance are,
where,
Some combinations respect parity, and the termΨγ 5 ΨΨΨ is non-hermitian. Therefore we are interested in the terms that involve vector and vector-axial interactions as follows,
That said, we shall now understand how parity violation can be described in the neutral current of the Standard Model. In the Standard Model the neutral current reads,
Separating the terms that induce APV we get,
which simplifies to,
Taking
Knowing that sin 2 θ W 1/4, the first and third term are negligible compared to the others, and we are left only with the second and forth contributions as follows,
Hence, we have reviewed that only a vector-axial current to electrons and pure vector interaction with quarks are relevant to APV. This is key to understand how APV can be used to constrain new physics. Notice that this lagrangian describes a neutral current and therefore neutral gauge bosons are natural candidates to induce APV signatures as we investigate further.
As a first step, we give an effective description of new physics on parity violation. We will encode the new physics effects with three parameters namely, Λ which represents a new energy scale, and the couplings f Vu and f V d that quantify how new physics interact with electrons and quarks. In summary, we get,
Eq. (10) is a general expression of new physics contributions to parity violation. We could have simply absorbed the coupling constants in the unknown scale of new physics, but we wrote them down explicitly to be as general as possible and to ease the application of our findings to concrete new physics models. Now we have reviewed how one can describe parity violation using effective field theory we will link it to APV.
III. ATOMIC PARITY VIOLATION
In order to relate parity violation to APV, we need to define the weak charge of a nucleus which enters into the Hamiltonian of the electron field. The effective Hamiltonian density of the electron field in the vicinity of a nucleus is [20] ,
where Q eff W is the weak-charge of the nucleus which encodes the Standard Model and new physics contributions, Q eff W = Q SM + Q N P . The weak charge of a nucleus is defined as
From this we conclude that the Standard Model and the new physics contributions to the weak charge of a nucleus are,
Consequently the new physics contribution to the weak charge of a nucleus is
where the effective coupling is defined as,
We can then write an effective Hamiltonian in terms of the new effective charge. In the non-relativistic regime, after a Fourier transform the propagator becomes,
when m
Then, the effective Hamiltonian for an electron under the weak force of the nucleus which is quantified through the weak charge can be written as,
The variation of the effective charge is given by,
The most accurate measurement of APV effect occurs through transitions on the stable isotope 133 55 Cs. The prediction for the Standard Model for the weak nuclear charge Q W is, [21] ,
On the other hand, the measurement yields,
and the 90% confidence level difference between the two values is,
Using equation Eq.20 we can place bounds on new physics effects,
In case that the new gauge bosons are light (namely masses below order of few MeV) the EFT description we have adopted so far is not valid and one should apply a correction factor K(Cs) [22] to ∆Q(Cs) in order to properly account the propagator of the new degree of freedom. We will not explicitly consider this case here. Inserting G F = 1.1663787 × 10 −5 GeV −2 , Z = 55, N = 78, we constrain the ratio effective coupling over the energy scale,
We highlight that this bound is based on the weak charge of the Cesium. The scale Λ can be replaced by a heavy mediator mass. Later we will compare this bound with the one stemming from neutrino-nucleus coherent scattering addressed below.
IV. NEUTRINO-NUCLEUS COHERENT SCATTERING
The lagrangian that dictates the APV discussion, Eq. (10) has the formēγ µ γ 5 eqγ µ q with q = u, d. From SU (2) invariance, whatever new physics that interacts with electrons should also interact with neutrinos. Therefore, one can use neutrino-nucleus coherent scattering data to constrain the new physics scale where,
COHERENT data is in agreement with the Standard Model prediction. Thus one can use COHERENT data to restrict the presence of new physics effects. Within the effective theory approach one can find the allowed values for the effective couplings f V u and f V d defined in Eq.26. The green area is the allowed region in the f V u vs f V d plane [23] . In order to compare the sensitivity of neutrino-nucleus coherent scattering and APV, we need to compute f ef f Vq . The APV observable is related to the coupling between electrons and quarks. Hence, we need to invoke SU (2) invariance and then assume that the effective couplings in Eq.10 and Eq.26 are similar. Under that assumption, we can pick the pairs f V u , f V d for the four benchmark points (A,B,C,D) shown in Fig.2 and then use Eq.14 to find bounds over f ef f Vq /Λ 2 . We conclude from Fig.2 that the effective coupling should lie between anywhere between AB and CD, which implies in −2.88 × 10 −6 < f ef f Vq /Λ 2 < 4 × 10 −6 and −7.7 × 10
Vq /Λ 2 < 5.7 × 10 −6 , respectively. Taking the most restrictive set of couplings we find that, It is exciting to see that COHERENT, a 14 kg detector, can already place important bounds on new physics. This fact has triggered several new physics sensitivity studies using COHERENT data and other nuclei [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Nevertheless, it is clear that the bound on the effective couplings rising from APV is much more stringent than the one stemming from neutrino-nucleus coherent scattering. It does not undervalue the use of neutrino-nucleus scattering data to constrain new physics because as we previously pointed out they strictly probe different couplings. We emphasize that our conclusion relies on the SU (2) invariance argument. There are upcoming experiments that aim at probing neutrino-nucleus coherent scattering at different energies and precision which will be certainly important to improve the overall sensitivity to new physics [36] [37] [38] .
We have parametrized the new physics effect in terms of the effective couplings and the energy scale Λ. This parametrization is valid in the regime which the new physics scale is much heavier than the typical energy scale involved. However, new physics can also appear as light mediators with masses much below the Z mass. Light mediators alter the Standard Model prediction for sin θ W at low energy. The deviation can be observed using polarized electron scattering as we explore below.
V. POLARIZED ELECTRON SCATTERING
Atomic Parity Violation is an important probe to test new physics, but if new physics surface at low energy polarized electron scattering becomes an ideal laboratory, specially in the presence of kinetic and mass mixing terms between the Z and Z gauge boson. Indeed, low energy scattering of polarized electrons on electrons and other targets are very sensitive to parity violation effects at low energy, and consequently to the presence of light mediators. In other words, they are very sensitive to the parity violation effects that are proportional to 1 − 4 sin 2 θ W , and in this way constrain sin θ W . Generally, additional parity violation sources rise from both kinetic and mass Z − Z mixings. Parametrizing the mass mixing matrix as,
where 0 ≤ δ < 1, if the Z is light compared to Z we can write,
with
Therefore, the relevant lagrangian that will induce parity violation is found to be,
where J N C µ is the Standard Model neutral current. These terms induce weak currents that can accounted for by redefining the sin θ W as [39, 40] ,
is the propagator effect given by [41] [42] [43] [44] ,
Using equations (32) and (33) we can write the change of the weak angle due to the mixing between Z and Z as, Table II . 90% confidence level bounds on the kinetic mixing parameter for light mediators for different experiments that aim at measuring sin 2 θW at low energies. All masses are in M eV units.
and so we can put bounds on the mixing given the difference between measurements and prediction of the weak angle,
The bounds obtained using the existing and expected precision in the measurement of sin 2 (θ W ) by some future experiments are written in the Table II . From Table II we notice that the bounds on become stronger for large values of δ which accounts for the mass mixing. We exhibited these bounds for several values of δ in Fig.3 . Since the experiments run at different energies they are sensitive to different Z masses. In particular, SoLID is very sensitive to Z masses around 1 GeV. It is remarkable the precision aimed by Moller at JLab planning to measure sin 2 (θ W ) to ±0.00029 at Q = 75 MeV, followed by the P2 experiment with precision of ±0.00033 in sin 2 (θ W ) for Q = 67 MeV. Looking either at the Table II  or Fig.3 one can see that if the mass mixing parameter δ is of the order of 10 −2 precise measurements on sin 2 θ W give rise to stringent bounds on , namely 2 < 10 −4 . To have an idea of how relevant these limits stemming from sin 2 θ W are, we should compare them with those from neutrino-nucleus coherent scattering. The comparison in this case is not so trivial, however, because the bound rising from polarized electron scattering depends on the parameter δ which is model dependent. Thus, to compare these two methods we need to rely on a specific model. to δ = 1, so we can also visualize the dependence of with this parameter.
VI. MODELS
In this section will show the relevance of our bounds in anomaly free models that have been proposed in the literature.
A. Dark Z
The dark Z model proposed in [40, 45, 46] is an extension of the photon model which includes a free parameter, δ to account for the existence of a mass mixing term between the Z and Z gauge bosons as we have done in Eq.30. Such Z field arises from the presence of a new abelian gauge group. If the Standard Model fermions are uncharged under the U (1) gauge group, the Z interactions with fermions appear through the presence of kinetic and mass mixing [47] . On top of that, the scalar sector is not specified, thus δ is a free parameter. Looking at Table II we get 2 < 10 −7 for m Z ∼ 100 MeV and δ ∼ 10 −2 , using the P2 projected sensitivity. Notice this limit is slightly stronger than the one achieved using BaBar data [48] which is the relevant experiment at this mass range. One can notoriously find stronger bounds from larger values of δ. A study of COHERENT data on neutrino-nucleus coherent scattering yields 2 < 10 −6 [25] . Therefore, we conclude that our bounds are stronger. Our bounds are also applicable to the U (1) N model discussed in [47, 49] .
B. Two Higgs Doublet Model
A UV complete version of the dark photon model has been discussed in the context of a Two Higgs Doublet Models (2HDM) augmented by an Abelian symmetry, U (1) X , [47] . In this case, the Z mass depends on the scalar sector of the model and consequently the parameter δ is no longer a free parameter. Many U (1) X extensions where discussed in the context 2HDM, in any case we find m Z = g X v cos β 2 /δ, where tan β = v 2 /v 1 , v 2 (v 1 ) being the vacuum expectation value of the scalar doublets in the model, and g X the gauge coupling. The parameter δ is a function of the U (1) X charges of the scalars fields and their vacuum expectation values (See Eq.C3 in [47] ). For most U (1) X models we find δ ∼ 10 −2 assuming tan β ∼ 50. Taking δ 10 −2 we find the bound 2 < 10 −7 for m Z 100 MeV using the P2 experiment. One can easily recast this limit using the Table II. In the heavy mediator regime, we can apply our effective field theory approach taking
GeV. Consequently, m Z ≥ 1.5g X × 10 4 GeV. This bound is applicable under the assumption that vectoraxial couplings between the electrons are present as occurs for many models discussed in [47] . Having in mind that LEP bound on vector mediators roughly reads, m Z > 7g X × 10 3 GeV [50], we conclude that APV provides a stronger bound. This limit from LEP was derived for the B-L model where only vectorial interactions are present but it is roughly applicable to other models [51, 52] . Anyway, our conclusion stands, APV gives rise to a more restrictive bound on the Z mass. One may wonder about LHC lower mass bounds on such vector bosons. It has been shown that many of these models predict a large Z width. This feature weakens LHC sensitivity. Analyzing LHC data it has been found that m Z > 1 − 2 TeV for many models taking g X = 0.1 [53] , which is again weaker than APV. In summary, APV seems to be the most promising laboratory for such models as far as the Z mass is concerned.
C. 3-3-1 Model 3-3-1 models are based on the SU (3) c ⊗ SU (3) L ⊗ U (1) N gauge group [54, 55] . They explain the number of replication of fermion generations in the Standard Model and are able to address neutrino masses and dark matter. The presence of the U (1) N group gives rise to heavy Z whose mass is set the energy scale at which the 3-3-1 symmetry is broken down to the Standard Model gauge group. The Z does have vector-axial couplings to electrons and therefore might leave imprints on APV. Although, the Z couplings to fermions are suppressed, of the order of 10 −2 . Using Table V of [56] where the vector and vector-axial couplings are provided we can compute f V ef f q and consequently find a lower mass bound on the Z that reads m Z > 1.7 TeV for the model A with β = √ 3. We point out that the parameter β defines the vector and vectoraxial couplings in the model according to Table V in [56] . However, this limit is sub-dominant when compared to existing bounds stemming from dijet and dilepton searches at the LHC which impose m Z > 4 TeV [57] [58] [59] [60] . There are other bounds rising from other observables such as from flavor physics but they are not as relevant [61] [62] [63] [64] [65] [66] . We highlight that there are possible extensions of this model via the inclusion of right-handed neutrinos which can weaken the LHC bounds by decreasing the Z branching ratio into charged leptons and quarks [67] . In that case our bounds could become competitive.
D. Light Z Models
It has been recently proposed a model which successfully accommodates neutrino masses within the type II seesaw while hosting a light Z gauge boson [68] . The mass of the Z comes from the vacuum expectation value of the scalar doublets and therefore the Z must light. Again the mass mixing parameter δ depends on the scalar spectrum which is set by anomaly cancellation requirements. For the U (1) Y presented in Table 1 of [68] we get δ ∼ 10 −1 . For such a large value of delta we find 2 < 10 −10 for m Z 100 MeV using the P2 experiment, and 2 < 10 −7 for m Z 1 GeV using SoLID projection. These bounds are much stronger than those derived using The Heavy Photon (HPS) Search Experiment and Belle projections shown in [68] .
Models based on the L µ − L τ gauge symmetry have recently brought a lot of attention due to some flavor anomaly [69] [70] [71] [72] [73] [74] [75] . The Z boson can be quite light and has no interactions with quarks at tree-level. At loop level, one could nevertheless generate the neutrino-nucleus coherent scattering and the parity-violating observables discussed here. Albeit, there are already stringent bounds rising from neutrino-trident production and meson mixings [76, 77] , making our assessment of 1-loop induced parity violation effects not relevant, in agreement with [25] .
VII. CONCLUSIONS
We have reviewed the theoretical aspect of parity violation and put it in context with other relevant observables. We treated Atomic Parity Violation using effective field theory and showed how one can constrain new physics via precise measurements of the Cesium weak charge. Moreover, we have discussed neutrino-nucleus coherent scattering and shown that Atomic Parity Violation leads to a more restrictive bound on the new physics scale under the assumption that the new physics particle couples to electrons and neutrinos with similar strength. This conclusion is also valid to heavy vector mediators with masses at the TeV scale, for instance. Shifting the discussion to light mediators we have parametrized new physics effects in polarized electron scatterings in terms of the sin θ W and explored the sensitivity of new measurements on sin θ W to derive bounds on the kinetic mixing between the Z and Z gauge bosons as a function of the Z mass. Lastly, we applied our constraints to models previously proposed in the literature and showed that our findings constitute, in some cases, the strongest limits on the kinetic mixing parameter, highlighting the importance of our reasoning.
